Objective-Cardiovascular disease is a complex disorder influenced by interactions of genetic variants with environmental factors. However, there is no information from large community-based studies examining the relationship of circulating cell-specific RNA to inflammatory proteins. In light of the associations among inflammatory biomarkers, obesity, platelet function, and cardiovascular disease, we sought to examine the relationships of C-reactive protein (CRP) and interleukin-6 (IL-6) to the expression of key inflammatory transcripts in platelets. Approach and Results-We quantified circulating levels of CRP and IL-6 in 1625 participants of the Framingham Heart Study (FHS) Offspring cohort examination 8 (mean age, 66.6±6.6 years; 46% men). We measured the expression of 15 relevant genes by high-throughput quantitative reverse transcriptase polymerase chain reaction from platelet-derived RNA and used multivariable regression to relate serum concentrations of CRP and IL-6 with gene expression. Levels of CRP and IL-6 were associated with 10 of the 15 platelet-derived inflammatory transcripts, ALOX5, CRP, IFIT1, IL6, PTGER2, S100A9, SELENBP1, TLR2, TLR4, and TNFRSF1B (P<0.001). Associations between platelet mRNA expression with CRP and IL-6 persisted after multivariable adjustment for potentially confounding factors. Six genes positively associated with CRP or IL-6 in the FHS sample were also upregulated in megakaryocytes in response to CRP or IL-6 exposure. Conclusions-Our data highlight the strong connection between the circulating inflammatory biomarkers CRP and IL-6 and platelet gene expression, adjusting for cardiovascular disease risk factors. Our results also suggest that body weight may directly influence these associations. 
H uman genome-wide association studies have led to better understanding of the genetic basis of complex cardiovascular diseases (CVD) and risk factors. 1, 2 In contradistinction, few gene expression profiling studies have been reported from large community-based cohorts. 3, 4 Quantitative differences in the relative abundance of transcripts contribute to susceptibility to, and prognosis of, human diseases, including CVD. 5, 6 Transcript expression is heritable, and genetic expression analyses provide insights into the pathogenesis of disease based on the strong relationships among DNA, RNA, and proteins. 5 The emerging literature suggests that levels of gene expression differ between individuals with and without CVD and its risk factors (eg, obesity, high-density lipoprotein concentrations). [7] [8] [9] [10] [11] [12] [13] [14] Inflammatory cytokines, most notably C-reactive protein (CRP), have generated considerable interest as biomarkers to risk stratify and guide therapy for individuals at risk for CVD. [15] [16] [17] [18] [19] [20] In addition to predicting CVD, CRP may directly facilitate atherogenesis and thrombosis. 21, 22 Interleukin 6 (IL-6), another inflammatory cytokine, through the IL-6 receptor triggers the production of CRP and other acute-phase reactants. 22 Importantly, IL-6 production occurs not only in hepatocytes but also in adipose tissue. 23 Multiple recent large studies have demonstrated that specific genetic mutations in the IL-6/IL-6 receptor pathway, leading to less IL-6 signaling, were found to lower coronary heart disease risk. 24, 25 Based on previous in vitro and animal work, we selected 15 platelet-derived genes whose expression may relate to circulating IL-6 or CRP. 7, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Our primary hypothesis was that the circulating inflammatory proteins IL-6 and CRP are associated with platelet transcripts and are modulated by obesity.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
38,39

Results
Clinical, demographic, and laboratory characteristics of the 1625 FHS Offspring cohort 8 participants in our analysis are shown in Table 1 . We studied middle-aged to older adults (67±9 years; 46% men) with a modest prevalence of CVD risk factors.
After adjustment for potentially confounding variables, circulating levels of ln-transformed CRP and IL-6 were significantly associated with 8 of 15 platelet-derived genes ( Table 2) . Regression models including all covariates in adjusted models and fitted with CRP or IL-6 as the dependent variable, as well as platelet gene expression, are shown in Table I in the online-only Data Supplement. Arachidonate 5-lipoxygenase (ALOX5), PTGER2, S100A9, SELENBP1, TLR4, and TNFRSF1B expression was higher with greater mean levels of ln-transformed CRP and IL-6. In addition, higher mean levels of circulating CRP were also associated with greater CD163 and NFKB1 expression. Increased circulating IL-6 was negatively associated with CRP gene expression but positively associated with TLR2 gene expression.
We found evidence of an interaction between obesity (as defined by a body mass index ≥30 kg/m 2 ) and ALOX5, NFKBIA, SELENBP1, and SIRPA gene expression for IL-6 and NFKBIA and SIRPA for CRP (Figure 1 ). We did not observe an interaction between gene expression and inflammatory biomarkers in overweight or normal weight individuals. In an effort to better understand the associations among obesity, inflammatory cytokines, and platelet gene expression, we related levels of several circulating biomarkers associated with either body mass index or circulating adipocytokines, including intercellular adhesion molecule 1, monocyte chemoattractant protein-1, P-selectin, and tumor necrosis factor receptor. 40, 41 Adjustment for circulating adipose-related factors did not substantively alter observed associations between CRP and IL-6 and platelet gene expression (Table II in the online-only Data Supplement).
Gene expression was measured in human megakaryocytes after exposure to IL-6, CRP, or both, using concentrations reported in obese patients and individuals with CVD based on basic [42] [43] [44] and clinical reports. [45] [46] [47] Treatment of human megakaryocytes with 20 µg/mL of CRP resulted in a reduction in ALOX5 expression (Table 3) . Exposure of these cells to 10 pg/mL of IL-6 resulted in an increase in CD163, IFIT1, IL-6, NFKB1, and TBFRSF1B expression. Combined treatment with IL-6 and CRP did not significantly alter any of the transcripts examined.
To explore how megakaryocytes responded to different concentrations of IL-6 and CRP exposure, we measured platelet mRNA levels in wild-type mouse megakaryocyte cells treated with 3 different concentrations of IL-6 or CRP. As seen in human megakaryocytes, levels of NFKB1 were significantly increased in mouse megakaryocytes exposed to IL-6 (Table IIIA and IIIB in the online-only Data Supplement). The overall response of mouse megakaryocytes to CRP and IL-6 exposure was distinct from that observed in human cells. Notably, immunofluorescence staining of mouse megakaryocytes for NFκBIA, a transcript upregulated by both IL-6 and CRP in these cells, showed little to no change in NFκBIA protein levels (Figure 2 and Figure IA and IB in the onlineonly Data Supplement).
Recent work has shown that interleukin-1β exposure alters protein levels in mature human platelets. 48 We saw no statistically significant changes to levels of key inflammatory transcripts in human platelets treated with IL-6 and CRP versus untreated platelets (Table IVA and IVB in the online-only Data Supplement). To explore the possibility that protein levels are altered without changes to mRNA levels, 48 we used Western blots and immunofluorescence to quantify levels of a representative inflammatory cytokine, TNFRSF1B, in human platelets exposed to CRP and IL-6. As seen in Figure 3A and 3B, the total protein levels of TNFRSF1B were increased in treated platelets versus referent platelets. The increase in TNFRSF1B was not caused by any contamination of immune cells because there was no signal for CD45 ( Figure IC Diabetes mellitus, n (%) 232 (14) Total cholesterol/HDL ratio, mg/100 mL 3.5±1.1
Triglyceride, mg/100 mL 117±6
Systolic blood pressure, mm Hg 129±17
Diastolic blood pressure, mm Hg 73±10 Prevalent CHD, n (%) 171 (11) Smoker, n (%) 129 (8) Antihypertensive treatment, n (%) 815 (50) Lipid treatment, n (%) 715 (44) Aspirin within the past 3 weeks, n (%) 743 (46) Current hormone replacement therapy, n (%)
CRP, mg/L 2.1±1.9
ln-CRP 0.3±0.9
IL-6, pg/mL 2.1±1.5
ln-IL-6 0.6±0.6
Data are presented as means±SD or number (percentage) for dichotomous traits. BMI indicates body mass index; CHD, coronary heart disease; CRP, C-reactive protein; FHS, Framingham Heart Study; HDL, high-density lipoprotein; and IL-6, interleukin 6.
on the cell surface, and the increase in protein seen in the Western blot is reflected in immunofluorescent staining of intact platelets compared with control ( Figure 3C and 3D and Figure ID in the online-only Data Supplement).
Discussion
Although studies have previously shown associations between CVD and inflammatory biomarkers, the interaction with blood-derived gene expression in a large population has never been reported. In this community-based study involving 1625 FHS Offspring cohort 8 participants, we sought to examine the relationship between inflammatory cytokines CRP and IL-6 with inflammatory-related transcripts in platelets. We chose to study platelets both because of our previous data demonstrating an association with obesity and the increased relevance of specifically studying a cell that directly contributes to CVD. Of the 15 transcripts, 6 positively correlated with both CRP and IL-6 and 6 were upregulated or downregulated significantly in megakaryocytes exposed to 1 of the 2 cytokines. Previously, all of these platelet transcripts were associated with higher mean body mass index. 7 Two platelet transcripts were specific to each cytokine. TLR2 expression was positively correlated with IL-6, whereas the level of platelet-derived TLR2 was inversely related to circulating levels of CRP. The expression of CD163 and NFκB1 was positively related to CRP levels but not IL-6 levels.
Previously, cohort studies have demonstrated associations among IL-6, CRP, and CVD, including coronary heart disease and sudden death in men and women. [49] [50] [51] [52] Relevant to our platelet findings, high plasma IL-6 also has been associated with increased coronary stent thrombosis, suggesting that it may be involved in clinically relevant CVD outcomes. 53 Despite these observations, little is known about the mechanisms linking circulating inflammatory markers and platelet function.
Platelets are anucleated and receive all their RNA from megakaryocytes, their precursor cells. Megakaryocytes are found primarily in the bone marrow and may respond to circulating inflammatory cytokines, thereby altering the RNA profile of platelets. As seen our in vitro work, megakaryocytes exposed to CRP and IL-6 resulted in altered expression of genes examined in our community-based investigation. We observed that 6 genes associated with circulating IL-6 and CRP levels in our FHS analyses were also significantly upregulated or downregulated in the human megakaryocytes exposed to these factors. Although treatment of mouse megakaryocytes with IL-6 and CRP did not result in statistically significant changes in all 6 of these genes (with the exception of NFKB1), we did observe a dose-dependent and directionally similar effect on levels of 4 of the 6 genes altered in human megakaryocytes. From these data, we cannot deduce whether this difference is as a result of species or some other factor. There were, however, some inconsistencies between our observations in the platelet and megakaryocyte in vitro work and our FHS data. The discrepant findings may be because of the fact that the intensity and duration of exposure to CRP or IL-6 could not be quantified in vivo and thus may have differed from our in vitro experiment. This hypothesis is supported by the findings of our mouse experiments, showing that different levels of CRP and IL-6 elicit differential transcriptional responses. There are also inherent differences between native megakaryocytes and megakaryoblastic cell lines. As has been previously shown 54 and was observed in our experiments, differences in platelet transcripts between humans and mice could have also contributed to discrepant findings. Another possibility, supported by previous work and our finding that levels of TNFRSF1B were altered in human platelets in response to CRP and IL-6, is that mature platelets, not megakaryocytes, may directly respond to circulating IL-6 and CRP. Nevertheless, our findings overall support the hypothesis that inflammatory cytokines, such as IL-6 and CRP, may alter the course of megakaryocyte development and thereby affect platelet gene expression. Levels of platelet-derived proinflammatory transcripts may directly influence platelet function or may transfer RNA to other cell types, including endothelial cells. 34, 55 We observed an interaction between obesity status and the associations of IL-6 and CRP with levels of 4 platelet-derived gene transcripts. One of the genes, ALOX5, encodes a lipoxygenase responsible for transforming essential fatty acids into leukotrienes, which exert proinflammatory effects, including induction of nuclear factor (NF)-κB and IL-6 secretion by adipose tissue. [56] [57] [58] We observed that platelet ALOX5 expression was higher among participants with elevated IL-6 and CRP indicates C-reactive protein; and IL-6, interleukin 6. *P<0.05, **P<0.01, ***P<0.001 compared with no treatment set to 1.00.
CRP levels after adjustment for several potential confounding factors. Obesity did not seem to modulate the interaction between ALOX5 and CRP, but the association between circulating IL-6 and ALOX5 expression was influenced by obesity status. In vitro, megakaryocyte production of ALOX5 was significantly decreased in the presence of CRP at concentrations reported in obese individuals. The discrepancy may be the result of the amount of time the megakaryocytes were exposed to these inflammatory cytokines or to the concentrations used. Taken together, these data suggest that obesity plays a role in influencing ALOX5 transcript levels, perhaps via circulating CRP and IL-6. NFKB1 encodes NF-κB, a transcription factor that is activated by intracellular and extracellular cytokines. 59 Activated NF-κB stimulates the expression of genes involved in a wide variety of biological functions, including inflammation and thrombosis.
60 NFKB1 expression was positively related to CRP but not IL-6 levels, and there was no interaction between NFKB1 expression and obesity status. However, expression of the gene NFKB1A, which encodes a member of a family of proteins that inhibit NF-κB, was significantly higher in obese individuals in relation to both IL-6 and CRP levels. In vitro, it was only significantly upregulated by IL-6 in megakaryocytes. NFKB1A would result in sequestration of NF-κB in an inactivated state and would block the ability of NF-κB to bind to DNA. Increased expression of this inhibitory protein in response to IL-6 and CRP in obese individuals is notable but of unclear biological significance.
SELENBP1 encodes selenium-binding protein 1. Selenium is an essential nutrient, and selenium deficiency has been associated with certain malignancies. 61 Although the role of SELENBP1 and its significance to CVD remain unclear, we observed that SELENBP1 was strongly and directly related to circulating IL-6 and CRP. We also noted that obesity significantly modulated the interaction between SELENBP1 and IL-6. There was an increase in the expression of SELENBP1 in the megakaryocytes in the presence of both IL-6 and CRP, but it was not significant. Further studies are warranted to define the effects of selenium and selenium-binding protein 1 on platelet function and atherogenesis.
SIRPA encodes signal-regulatory protein-α, a protein involved in regulating monocyte adhesion, migration of monocytes across the endothelial wall, and phagocytosis. 62 Signal-regulatory protein-α may serve a key role in preventing excess monocyte collection and activation of monocytes in the arterial wall during the formation of atherosclerotic plaques. 62 As such, it is notable that, although SIRPA expression was not significantly associated with IL-6 or CRP levels, platelet expression of SIRPA was markedly higher in patients with obesity in response to these inflammatory biomarkers. Our in vitro experiment also showed that megakaryocytes coincubated with CRP and IL-6 or IL-6 alone expressed higher levels of SIRPA than megakaryocytes not exposed to these inflammatory cytokines; however, this increase was not significant. Although the biological significance of these findings is unclear, our findings suggest a possible interaction between level of adiposity and SIRPA expression in platelets.
Our findings raise questions including causality and directionality. Although the cell culture experiment suggests alteration in gene expression consistent with the observed associations, it remains possible that levels of circulating cytokines are attributable to platelet gene expression or other unmeasured factor with residual confounding. Furthermore, our results do not completely answer the question as to whether obesity or inflammatory changes alter organ-based protein release and whether these inflammatory modulators alter gene expression in megakaryocytes and platelets (Figure 4) . Although the studies are small, there are clinical observations that support this paradigm. Weight loss in 34 individuals led to decreased inflammatory cytokine gene expression including IL-6, 51 and another had similar findings with severe calorie restriction. 52 Although there have been other studies examining transcripts in blood, this study is unique in several respects. It reports individual genes from isolated cells using the more robust quantitative platform of quantitative reverse transcriptase polymerase chain reaction and, unlike microarray, does not use an unbiased approach. Although we have proposed some mechanisms for the observed effects, the cross-sectional nature of this analysis impairs our ability to discern the directionality of the association between circulating biomarkers and gene transcripts. In addition, the present study was conducted in middle-aged to elderly individuals of European descent; the generalizability to younger individuals or those of other ethnicity/race is unknown. In addition, our data will need to be replicated in an external cohort. Another limitation of this study is that platelet function testing, although performed during a prior FHS Offspring examination, was not performed during the eighth visit, thus preventing us from relating thrombotic markers, circulating inflammatory biomarker levels, and platelet gene expression. 
